We investigated the temperature and moisture conditions that allow Phytophthora ramorum to infect Rhododendron 'Cunningham's White'. Most experiments were performed with a single P. ramorum isolate from the NA1 clonal lineage. For whole plants incubated in dew chambers at 10 to 31°C, the greatest proportion of diseased leaves, 77.5%, occurred at the optimum temperature of 20.5°C. Disease occurred over the entire range of temperatures tested, although amounts of disease were minor at the temperature extremes. For whole plants exposed to varying dew periods at 20°C and then incubated at 20°C for 7 days, a dew period as short as 1 h resulted in a small amount of disease; however, at least 4 h of dew were required for >10% of the leaves to become diseased. Moisture periods of 24 and 48 h resulted in the greatest number of diseased leaves. In detached-leaf, temperature-gradient-plate experiments, incubation at 22°C resulted in the greatest disease severity, followed by 18°C and then 14°C. In detached-leaf, moisture-tent experiments, a 1-h moisture period was sufficient to cause disease on 67 to 73% of leaves incubated for 7 days at 20°C. A statistical model for disease development that combined the effects of temperature and moisture period was generated using nonlinear regression. Our results define temperature and moisture conditions which allow infection by P. ramorum on Cunningham's White rhododendron, and show that P. ramorum is able to infect this host over a wide range of temperatures and moisture levels. The results indicate that P. ramorum has the potential to become established in parts of the United States that are outside its current range.
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Phytophthora ramorum is an important pathogen which has killed thousands of oak trees in California and Oregon (37, 38) . In addition to oak, P. ramorum has a wide host range that includes many ornamental plant species (11, 22, 27) . Due to the substantial nationwide movement of plants within the nursery industry and known cases of plant shipment from infested California nurseries to many Eastern states (41) , there is a potential risk of having P. ramorum become established outside of its current range. State and federal regulations have been put in place that restrict movement of P. ramorum hosts out of infested areas of California (2, 8, 36) .
Moisture and temperature are factors known to be of critical importance in governing infectivity of various Phytophthora spp. to different hosts (10, 13, (15) (16) (17) 20, 42) . Often, temperature and moisture conditions that allow optimal infectivity also result in the highest levels of sporangium germination (13) . Werres et al. (45) reported that, on carrot piece agar in darkness, P. ramorum was able to grow over a wide range of temperatures, with the optimum for most isolates being at 20°C. Englander et al. (14) reported that optimal temperatures for in vitro growth of P. ramorum were 16 to 26°C, those for in vitro chlamydospore production were 14 to 26°C, and those for in vitro sporangia production were 16 to 22°C. Davidson et al. (12) examined correlations between outdoor temperatures and the ability to detect P. ramorum in rainwater, soil, and leaf litter in California, and surmised that temperature may influence the quantity of sporangia produced on leaf tissue in the early rainy season. Increased spore production during periods of high rain appeared to correspond to higher observed disease levels on coast live oak (Quercus agrifolia).
Huberli et al. (23) studied infection of California bay laurel by P. ramorum and observed that the largest lesions formed at 17 to 22°C, and that leaves exposed to zoospores in microfuge tubes affixed to leaf tips for 6 h had smaller lesions than those exposed for 12 to 48 h. Knowledge of infectivity conditions for P. ramorum could help in determining likelihood of occurrence of primary and secondary infections in hosts such as rhododendron, which may harbor the pathogen and bring it to new areas during interstate shipment of nursery stock (41) . Thus, such knowledge would help in defining conditions which lead to epidemic development. Information about conditions for infectivity could also prove useful in developing management practices to prevent or suppress disease caused by P. ramorum. Finally, knowledge of infectivity conditions is crucial for the development of pest risk assessments (2, 9) and risk maps (28, 31, 32, 40, 44) to better understand the potential for establishment of P. ramorum outside of its current range. Such knowledge can also assist in efforts to survey for the presence of P. ramorum in areas where it is not currently established (35) by focusing efforts in regions where conditions conducive for disease development are found.
The purpose of these studies was to investigate the temperature and moisture conditions that allow P. ramorum to infect and cause disease symptoms on Cunningham's White rhododendron, and to develop a model to relate the duration of temperature and moisture period to the amount of resulting disease. We used a P. ramorum isolate of the NA1 clonal lineage to evaluate both disease incidence (proportion of diseased leaves) and disease severity (lesion areas) using both whole plants and detached leaves of Cunningham's White rhododendron to determine conditions most favorable for infection by P. ramorum.
MATERIALS AND METHODS
Host plants, cultures, and inoculation methods. Because P. ramorum is not currently established in the Eastern United States, experiments were conducted inside a Biosafety Level 3 (BL-3) greenhouse containment facility at Ft. Detrick, MD. Isolate Pr-52, which originated from diseased Rhododendron 'Gomer Waterer' in California in 2000, was used in these studies. Pr-52 is a wellcharacterized isolate of A2 mating type belonging to the US1 genotype within the NA1 clonal lineage (24, 25, 33) . The P. ramorum type culture BBA 9/95 (EU1 clonal lineage), isolated in 1995 from Rhododendron catawbiense in Germany (45) , was used along with Pr-52 in moisture-tent experiments only. Significant phenotypic differences among P. ramorum lineages exist (6, 7, 19) and have been summarized (18) . Cultures were maintained on 20% V8-juice agar at 20°C. Sporangia were produced by incubating 6-mm-diameter agar plugs removed from the perimeter of 10-to 14-day-old cultures (20% V8-juice agar) in 1% sterile soil extract for 48 to 72 h. Two-to three-year-old Rhododendron 'Cunningham's White' plants were dip inoculated in a suspension of ≈5,000 sporangia ml -1 . Cunningham's White is a cross of R. caucasicum × ponticum var. album introduced in 1830 and used throughout the world for rhododendron grafting. Dip inoculation consisted of immersion of either individual branches (on whole plants) or whole plants in sporangia suspension in 1-gal. Ziploc bags and shaking to insure complete coverage and uniform distribution of inoculum on plant parts, followed by immediate incubation in dew chambers.
Statistical analyses. The experimental design was a randomized complete block design with repetitions as blocks and randomly selected plant material randomly assigned to temperatures and moisture periods within blocks. The average of the sampling units in each repetition and temperature or moisture period were used and the experimental error term was repetition × temperature or moisture period. With the exception of lesion area, which was not transformed, all dependent variables were transformed by arc sine (square root [of the respective proportion]). Statistical analyses were performed using the Statistical Analysis System (SAS) version 9.1 (39) . Data were fitted to nonlinear models using generalized nonlinear mixed models with the NLMIXED procedure of SAS to obtain parameter estimates, standard errors of the estimates, and goodness-of-fit. Temperature and moisture period were fixed effects in the models. A random effect for repetitions was included to model experiment-to-experiment random variation, and best linear unbiased predictors, standard errors, and t tests against zero were output for each repetition. Starting values for the parameters in the generalized model were estimated from a fixed nonlinear model with the NLIN procedure of SAS or from initial analyses using the NLMIXED procedure.
Effects of temperature (10 to 31°C) on disease incidence in whole-plant experiments. Plants were inoculated and then incubated at a range of temperatures to determine optimum, minimum, and maximum temperatures for disease. Seven dew chambers were adjusted, one each, to temperatures of 10, 13, 16, 19, 22, 25, 28 , and 31°C. All leaves on two plants per treatment were dip inoculated with sporangia; then, plants were incubated at each temperature for 5 days in darkness. Two plants were included in each temperature treatment in each of three runs. All leaves were removed and scanned following incubation; the numbers of leaves per plant was 11 to 36. Samples from three diseased leaves per treatment were plated onto PARP selective medium (26) to confirm infection by P. ramorum.
The nonlinear model used to describe temperature response was a generalized β function (3, 21) , where
]. For this model, y = arc sine square root (proportion of diseased leaves); T = temperature; Tmin = minimum temperature at which disease occurred; Tmax = maximum temperature at which disease occurred; and b1, b2, and b3 were parameters estimated from the nonlinear regression (3, 5) . The data were fitted to this model using a generalized nonlinear mixed model with the NLMIXED procedure of SAS as previously described. The optimum temperature was determined by Topt = (b2 × Tmax + b3 × Tmin)/(b2 + b3) and Yopt, the arc sine (square root[proportion diseases leaves]) corresponding to Topt, by b1 × b2 b2 × b3 b3 ×[(Tmax -Tmin)/(b2 + b3)] b2+b3 (3) . Yopt was then back transformed into proportion of diseased leaves.
Effect of moisture period on disease severity at 20°C using detached leaves. Detached rhododendron leaves were inoculated and incubated in a moisture tent located inside a 20°C greenhouse cubicle for up to 168 h to determine the minimal and optimal duration of moist conditions for disease to occur. The moisture tent was constructed by using a humidifier (Hermidifier; Green Coast Hydroponics, Santa Barbara, CA) to introduce watersaturated air into a large tent constructed from PVC pipe and semitransparent plastic sheeting. The moisture tent received diffuse natural light because of its location inside the greenhouse cubicle. Forty-five rhododendron leaves were collected from greenhouse plants just below the terminal growth and dip inoculated in a P. ramorum sporangia suspension, with the cut end of the petiole kept dry. Leaves were arranged lower-surface up on plastic mesh suspended on upended plastic nursery flats within the moisture tent. This allowed the leaves to be in contact with moistened air but not to sit in the water collected in the bottom of the tent. Leaf surfaces in the moisture tent remained wet throughout the incubation period.
Five leaves, selected at random, were removed from the moisture tent after 1, 2, 4, 8, 12, 24, 48, 72, and 168 h of incubation. Excess moisture was removed by blotting upper and lower leaf surfaces with paper towels. The leaves were transferred to a plastic mesh shelf inside a plastic storage box (2 or 2.4 liters; Rubbermaid Home Products, Wooster, OH) containing 150 ml of distilled water and maintained in the greenhouse cubicle at 20°C. An additional five leaves were dip inoculated, blotted dry, and immediately placed in a separate plastic storage box to act as a time zero control. Seven days after inoculation, leaves were scanned and the ASSESS software program (29) was used to determine proportion of the leaf area (in square centimeters) covered in lesions. To confirm the presence of P. ramorum, diseased leaf tissue from three leaves/moisture period was plated on PARP agar medium. The experiment was performed three times. Mean temperature in the greenhouse was 20 ± 0.95°C and mean relative humidity within the plastic storage boxes was 95.5 ± 7.9%.
Nonlinear regression was used to generate equations for the response of the two isolates to different moisture periods at 20°C. The nonlinear model used to describe moisture period response was a logistic growth model where y = b0/(1 + b1 × [exp(-b2 × [hours of moisture])]). For this model y = arc sine (square root [proportion diseased leaf area]). The data for each isolate were fitted to this model using generalized nonlinear models with the NLMIXED procedure as previously described, and no random effect was specified. The parameter estimates from the NLMIXED analyses for each isolate were then used as starting values in a larger generalized nonlinear model in which the responses for each isolate were coded separately with separate b0, b1, and b2 parameters. This allowed direct statistical comparison of each of the parameters for each isolate.
Effect of moisture period and temperature on disease severity using temperature gradient plates and detached leaves. Detached leaves were placed in petri dishes at temperatures of 10, 14, 18, 22, 26, and 30°C on a temperature gradient plate consisting of an aluminum plate 12 in. wide and 47 in. long with a cold bath at one end and hot bath at the other (30) , which creates a gradient of temperatures along the length of the plate. The plate's width allows it to accommodate multiple petri dishes as replications at any given temperature. Temperatures were measured on the surface of the leaves using thermocouple wires to insure accuracy. Periods of 2, 6, 12, 24, and 48 h of exposure to moisture were created by removing the drops of inoculum and drying the leaf surface using a Kimwipe (Kimberly-Clark, Dallas, TX), followed by a further 7 to 14 days of incubation on the temperature gradient plate. Disposable plastic (100 by 15 mm) petri dish lids were lined with two layers of cellulose filter paper and moistened with 2.5 to 3 ml of distilled water. Cunningham's White rhododendron leaves were harvested from greenhousegrown plants just below the terminal growth and two leaves were arranged side by side, lower-surface up, in each petri dish lid. Both top and bottom ends of the leaves were trimmed to fit the contours of the petri dish. The bottom edge of the left leaf was notched to aid in identification. Three rings, cut from 4-mm (inner diameter) aquarium tubing in 5-mm lengths, were placed on each leaf surface, with the bottom cut end first coated with Vaseline to produce a water-tight seal on the leaf surface. Two rings were placed to the left of the leaf midrib, equidistant from the cut ends, and one ring was placed to the right of the midrib. The inverted petri dishes containing trimmed leaves were arranged along the temperature gradient plate in replicates of three at each temperature, to achieve approximate leaf surface temperatures of 10 to 30°C in 4°C increments. Leaves were exposed to light from two cool white fluorescent tubes on a 12-h diurnal cycle. An aliquot containing ≈25 to 30 sporangia of P. ramorum isolate Pr-52 was deposited within each ring and distilled water added to bring the volume up to 50 µl. One ring per dish was filled with distilled water only and served as the control. Side edges of the petri dishes were parafilmed to prevent desiccation, with care taken not to cover the bottom edges of dishes. After incubation periods of 2, 6, 12, 24, and 48 h of incubation, the inverted plates were opened and one ring was removed from a leaf in each dish. The liquid remaining on the leaf surface was removed using a Kimwipe, the lid replaced, and the dish resealed with parafilm. The negative control ring (distilled water) was removed after 48 h, which was the longest moisture period tested. Following a 7-day incubation on the temperature gradient plate, leaves were removed from the petri dishes and scanned to record lesion areas. Leaves were then rearranged in the petri dishes, sealed with parafilm, and incubated for an additional 7 days at 20°C to determine if infection had occurred but symptom expression had been slowed or delayed at the low and high temperatures tested. Following this second period of incubation, leaves were again scanned. Leaf samples were also plated on PARP selective medium to confirm the presence of P. ramorum. The experiment was performed six times. Temperature variation, monitored through the use of three thermocouple wires secured to the surface of the gradient plate, was found to be 0.4 to 0.8°C.
Lesion size (in square centimeters) was determined with the ASSESS software package. In these experiments, it was more reasonable to express disease severity in terms of absolute lesion areas produced by P. ramorum rather than in terms of lesion area as a proportion of total leaf area, because lesions never reached the edges of leaves and only individual, noncoalescing lesions were produced on each leaf. Average lesion size and associated standard errors for temperature and moisture period were plotted. The moisture response data at 22°C were fit to the previously described logistic growth model, where
Effect of moisture period and temperature on disease incidence and severity in whole-plant experiments. Disease incidence (proportion of diseased leaves) and disease severity (lesion areas) were assessed at 10, 14, 20, and 26°C for moisture period durations of 1, 2, 4, 8, 12, 24, 48, and 72 h. Sixteen plants were dip inoculated with sporangia and placed in dew chambers at 10, 14, 20, or 26°C. An additional two plants were inoculated and placed in a climate-controlled greenhouse maintained at 20°C as a time zero control. Two plants were removed from the dew chamber following 1, 2, 4, 8, 12, 24 , 48, and 72 h at 100% relative humidity and transferred to the greenhouse where leaves were allowed to dry. Symptom development was monitored over time. The number of leaves showing lesions of any size as determined visually was recorded at 2, 3, 4, and 7 days after inoculation. Seven days after inoculation, diseased leaves were harvested from plants and scanned. Leaf and lesion areas (in square centimeters) were determined using the ASSESS software program (29) . Leaf and lesion area data recorded at day 7 were analyzed by determining the proportion of the leaf area that consisted of lesion area for each diseased leaf, then summing the proportions for each plant in each of the repetitions. Isolations onto PARP selective medium were made from three diseased leaves per moisture period treatment to confirm the presence of P. ramorum. Three runs were performed at 20°C and five runs at 10, 14, and 26°C, because low amounts of disease were expected to occur at these temperatures based on results of temperature gradient plate studies and the reported growth optimum of P. ramorum. Two inoculated plants were also maintained in a dew chamber at 20°C for 72 h as a positive control in each experiment.
Nonlinear regression was used to generate an equation for the response to changing moisture duration (hours) at 20°C. Fig. 1) . Estimates for the parameters b1, b2, and b3 were, respectively, 0.010 ± 0.022, 0.991 ± 0.083, and 0.999 ± 0.082. The optimum temperature, Topt, calculated from these parameters was 20.47°C, and the corresponding backtransformed proportion of diseased leaves, Yopt, was 0.775 (77.5%). None of the best linear unbiased predictors for any repetition were significantly different than zero. P. ramorum was reisolated from diseased leaves at all temperatures in at least one experiment.
Effect of moisture period on disease severity at 20°C using detached leaves. In terms of disease incidence, a 1-h moisture period following inoculation of detached leaves with sporangia was sufficient to cause disease on 67 to 73% of leaves incubated for 7 days at 20°C. Disease was observed on 100% of inoculated leaves with a moisture period of 8 h for isolate Pr-52 and 48 h for isolate BBA 9/95. In terms of lesion areas (disease severity), both isolates of P. ramorum tested followed the same nonlinear trend and standard errors at each moisture period overlapped (Fig. 2) Effect of moisture period and temperature on disease severity using temperature gradient plates and detached leaves. Both moisture period and temperature effects on disease severity (lesion area) were assessed in these experiments. Very little disease occurred at 10, 26, and 30°C (Fig. 3A) . At 14, 18, and 22°C, the largest lesion areas were obtained at a moisture period of 24 h (Fig. 3A) . Incubation at 22°C resulted in the greatest disease severity (largest lesion areas), followed by 18°C and then 14°C. The response of lesion area to increasing moisture period at 22°C is shown in Figure 3B Effect of moisture period and temperature on disease incidence and severity in whole plant experiments. Moisture period effects on disease incidence (number of diseased leaves) and disease severity (lesion areas) were assessed after 7 days in dew chambers at 10, 14, 20, and 26°C. Most disease occurred at 20°C (Fig. 4) . At 10, 14, and 26°C, generally <20% diseased leaves were obtained throughout the experiments. Far higher Fig. 2 . Effect of moisture period on disease severity (transformed proportion lesion area) occurring on detached Cunningham's White rhododendron leaves dip inoculated with Phytophthora ramorum sporangia and incubated in a moisture tent at 20°C. Five leaves were removed from the moisture tent after 1, 2, 4, 8, 12, 24, 48, 72, and 168 h of incubation and transferred to a sealed plastic storage box maintained at 20°C. The proportion of leaf area sustaining lesions was determined 7 days after inoculation using ASSESS software (29) . Two isolates of P. ramorum were compared, Pr-52 (NA1) from the United States and BBA 9/95 (EU1), the type culture from Germany. Bars represent standard errors from each of three experiments with five leaves per moisture treatment. AIC represents the Akaike Information Criterion (1). (Fig. 4) . However, at least 4 h of dew were required for >10% of the leaves to become diseased by (Fig. 4) . The relationship between moisture period and proportion of diseased leaves at 20°C fit the following nonlinear logistic growth model: y = 0.915/(1 + 5.442 × [exp(-0.218 × [moisture period])]), AIC = -3.3 (Fig. 5A) . However, only the b1 parameter (0.915) was significantly (P ≤ 0.05) different than zero. The b3 parameter (0.218) was different than zero at P = 0.066. None of the best linear unbiased predictors for any of the three repetitions were significantly different than zero. The observed data points showed a very close fit to the model, with placement of the data means near the predicted line (Fig. 5A) . The optimum moisture period for proportion of diseased leaves at 20°C was 24 h. Lesion area data collected at 7 days in these same experiments (Fig. 5B) showed a very similar response where transformed diseased leaf area = 0.959/(1 + 3.834 × [e(-0.195 × [moisture period])]), AIC = -2.5. Again only the b1 parameter (0.959) was significantly (P ≤ 0.05) different than zero, and the b3 parameter (0.195) was different than zero at P = 0.072. None of the best linear unbiased predictors for any of the three repetitions was significantly different than zero.
The response of proportion of diseased leaves using multiple regression analyses of the combined nonlinear regressions over all temperature and moisture periods is presented in Figure 6 . The -10] 0.602 ) × ( [31 -temp] 0.868 )]). The AIC was -93.7. With the exception of the b1 parameter (0.010) for temperature response, which was not significantly different than zero, the other two temperature response parameters were significantly non-zero. None of the moisture period response parameters were significantly different than zero. This indicated a much more dominant effect of temperature on disease incidence compared with moisture period, as Figure 6 illustrates.
DISCUSSION
We investigated conditions of temperature and moisture that allowed P. ramorum to cause disease on Cunningham's White rhododendron. Most experiments were conducted with isolate PR-52 belonging to the NA1 clonal lineage. Both disease incidence, in terms of proportion of leaves infected by P. ramorum on whole plants, as well as disease severity, in terms of lesion areas produced on whole plants and on detached leaves, were measured under different conditions of temperature and moisture. We also developed equations to describe levels of disease to be expected under different temperature and moisture conditions and for use in pest risk assessments. One significant finding was that P. ramorum was able to cause disease on whole rhododendron plants over temperatures of 10 to 31°C, with an optimum temperature of 20.46°C, at which an estimated 77.5% of plants became diseased. The wide temperature range resulted in a β function response (Fig. 1 ) that was not skewed, as is typical of other pathogens (3, 21) , but rather showed gradual decreases in disease incidence at the temperature extremes. Because of the extremes of temperature that resulted in disease, Tmin and Tmax values corresponding to zero disease could not be obtained with living plants and the dew chambers that were used. Another significant finding was that 24 to 48 h of moisture were required to reach maximum levels of disease on both whole plants and detached leaves. In whole-plant experiments, the minimum period of moisture (100% relative humidity produced in a dew chamber) included as an experimental treatment and required to result in disease following 7 days of incubation at 20°C was 1 h. Based on the above findings for isolate Pr-52 (NA1), it seems likely that P. ramorum would have the potential to cause disease on susceptible rhododendrons in some regions of the United States which are outside of its current range.
With whole plants, high levels of disease were obtained at temperatures of 16 to 25°C, although some disease occurred at temperature extremes of 10 and 31°C. Optimal temperatures for vegetative growth of P. ramorum have been reported as ≈20°C (45), although Englander et al. (14) reported an optimum of 22°C for isolate Pr-52, the isolate used in our experiments. Via nonlinear regression analysis, we found that the temperature optimum was ≈22°C. Thus, optimal temperatures for disease development corresponded to those required for optimal in vitro growth of P. ramorum. Also, P. ramorum was found to grow over a wide range of temperatures (14, 45) corresponding to the wide range of temperatures over which it can infect plants.
We performed detached-leaf studies in a humidity tent to evaluate the effect of moisture period (100% relative humidity) on disease on Cunningham's White rhododendron at 20°C caused by two different isolates of P. ramorum. For both isolates, disease development showed a similar response to increasing moisture period. A moisture period of 24 to 48 h was required to reach maximum disease development (Fig. 2) . Following humidity-tent studies using detached leaves, we performed studies with detached leaves on a temperature gradient plate (30) to evaluate the effects of both temperature and moisture period on disease development. Disease occurred at 10 but not at 30°C. We found the effect of temperature to be slightly negative but nonsignificant on disease development (lesion size). In contrast, the effect of moisture period on disease development was positive and highly significant. After 7 days, disease (in terms of lesion area) was observed with detached leaves having had as little as a 2-h moisture period (the minimum period included in the experiments). Results of temperature gradient experiments were used as a guide in selecting temperatures for use with whole plants in dew chamber experiments.
In whole-plant studies comparing disease development at four different temperatures and seven different moisture periods, a moisture (dew) period as short as 1 h resulted in a low level of disease following 7 days of incubation at 20°C (Fig. 4) . At least 4 h of dew were required for >10% of the leaves to become diseased by 7 days after inoculation. Maximum levels of disease were achieved with a 24-h moisture period at 20°C. These results parallel those of Crosier (10) , who observed that 3 to 4 h of moisture (dew) was necessary for infection of potato plants by P. infestans.
A statistical model for disease development was generated with nonlinear regression, combining effects of temperature and moisture period. From this model, the optimum moisture periods for disease development were determined. The calculated optimum moisture period for proportion of diseased leaves at 20°C was 48 h. A period of 5 to 7 days at high relative humidity has been used in several studies testing the susceptibility to P. ramorum of various plant species (11, 43) . Our results indicate that the experimental moisture period could be shortened to 48 h, the optimum moisture period determined from our model, thus decreasing the total length of time for which experiments would need to be run to obtain high levels of disease.
Becktell et al. (4) studied infection by P. infestans on tomato and petunia and found that most pathogen establishment occurred between 13 and 23°C, with a predicted optimum between 18 and 21°C. Pathogen establishment required a minimum leaf wetness period of 2 h, with a greater degree of pathogen establishment occurring with 6 h of leaf wetness. These studies paralleled the results of Crosier (10) with P. infestans, discussed earlier. Maziero et al. (34) found in comparing two clonal lineages of P. infestans, that isolates of US-1 lineage produced few lesions at 10°C, most lesions at 15°C, and some lesions at 27°C. Isolates of the BR-1 lineage, however, produced the maximum number of lesions at 10°C and none at 27°C. Harris and Xu (20) reported that once oospore germination of P. syringae had occurred, free water was necessary for only a few hours for apple fruit infection to occur. Low levels of infection occurred with 4 h of wetness but the incidence of rot rose to a maximum with 60 h of moisture. With P. palmivora on citrus (42) , maximum infection was obtained with fruit wetness periods of 3 h or more at favorable temperatures. The optimum temperature range for infection and disease development was 27 to 30°C and no disease developed at <22°C. Gerlach et al. (15) found that P. citrophthora penetrated Pieris japonica leaves in 2 to 4 h at favorable temperatures of 20 to 30°C. Grove et al. (17) found that infection could occur in 1 h at 17 to 25°C for Phytophthora cactorum on strawberry fruit. Grove and Boal (16) found that wetness periods of 3 to 4 h at 20 to 30°C allowed infection of apple and pear fruit by P. cactorum. Thus, our findings with P. ramorum indicate that it is similar to some other Phytophthora spp. in its temperature and moisture optima for disease initiation. However, we noted that P. ramorum was able to infect Cunningham's White rhododendron over a substantially wider range of temperatures than reported for many other Phytophthora spp. This information should prove useful to those involved in developing risk maps and pest risk assessments for P. ramorum (2, 9, 28, 31, 32, 40, 44) .
As we performed studies using artificially inoculated plants, our findings describing moisture and temperature conditions for P. ramorum disease development represent an incomplete model that does not incorporate knowledge of the entire P. ramorum infection and sporulation cycle as it occurs in nature. To develop a more complete understanding of P. ramorum infectivity, knowledge of such factors as the time period necessary for initiation of sporulation on diseased tissue following natural infection need to be determined in future experiments. Other limitations of our studies are that most were performed using a single isolate of P. ramorum of the NA1 clonal lineage, all were performed with a single rhododendron cultivar, and the results have not been validated under field conditions. Future studies should investigate the effect of different temperature and moisture conditions on infection of additional host species by P. ramorum. Knowledge of infectivity parameters for forest species such as oak, major hosts of P. ramorum in California and Oregon, would be useful to determine whether such parameters vary with host and whether conditions for disease development determined to exist with nursery crops are similar to those required for disease development on hosts in the forest environment.
